INTRODUCTION {#sec1-1}
============

Among the many benefits of dietary herbs and spices, the ability to modulate the innate immunological properties has received renewed attention recently.\[[@ref1]--[@ref3]\] The innate immune system is often described as the first line of defense against modified self and non-self (foreign) entities such as viruses, bacteria, parasites and their associated metabolites.\[[@ref2][@ref4]--[@ref7]\] It is phylogenetically conserved between species and is a rapid, consistent, non-specific, and non-anticipatory system\[[@ref4][@ref8]\] and is comprised of anatomic and physiological barriers as well as cellular and humoral components, which collectively serve to protect the overall health and integrity of the host.\[[@ref9]\] Innate immune response involves the detection, uptake, and destruction of altered or non-self threats to the organism via phagocytosis\[[@ref10]\] executed primarily by macrophages and neutrophils and secreted humoral factors.\[[@ref11][@ref12]\]

Though broad in specificity, cells of the innate immune system are involved in initial rapid recognition of the foreign epitopes via the pathogen associated molecular patterns (PAMPs)\[[@ref4]--[@ref5][@ref13]--[@ref14]\] followed byprocessing and presentation of antigen to the adaptive immune system.\[[@ref4]--[@ref5]\] In addition, the innate immune response has also been shown to be important for removal of modified self epitopes, such as oxidized or glycated proteins and lipids generated during normal cellular processes such as apoptosis and tissue remodeling.\[[@ref15]--[@ref16]\] Accumulation of these epitopes has been implicated in a many chronic diseases including Alzheimer\'s disease, diabetes mellitus, and cardiovascular disease.\[[@ref15]--[@ref16]\] The causes for the accumulation of these modified epitopes has been linked to an inability of the innate immune system to process them either due to a weak quantitative (i.e. lower number of cells) or a poor qualitative, less robust, response (diminished clearance).\[[@ref17]--[@ref20]\] Therefore, having an efficient and robust innate immune system may not only improve the initial removal of the foreign antigen, but also accelerate the adaptive immune response and prevent the progression of these pathologies.\[[@ref16][@ref18]\] Thus, stimulation of the innate response by biological agents may have important implications in the prevention and management of multiple diseases.\[[@ref2][@ref18][@ref21]\]

Herbs belonging to the *Lamiaceae* family, including oregano (*Origanum vulgare*) and sage (*Salvia officinalis*), are important culinary components of diets across the world and are also rich in bioactive phytochemicals with health promoting properties.\[[@ref1][@ref22]--[@ref24]\] *Lamiaceae* herbs constitute natural sources of a variety of phenolic compounds such as flavonoids and phenolic acids that have been shown to exert antioxidant, anti-inflammatory, anti-microbial, anti-mutagenic, and anti-cancer protection.\[[@ref25]--[@ref26]\] They have also been implicated for the prevention and management of chronic diseases of inflammatory and oxidative origin including cardiovascular disease, diabetes mellitus, and cancer.\[[@ref26]\] Oregano (*Origanum vulgare*) has been used historically to improve circulation as an emmenagogue, for infections of the oral cavity, as a carminative for digestive health, and for the treatment of inflammatory disorders such as arthritis.\[[@ref27]--[@ref28]\] Phytochemical extracts of oregano have been extensively studied for antioxidant, anti-bacterial, anti-fungal and anthelmintic activity.\[[@ref29]--[@ref31]\] Recent studies have also described immunomodulatory activity of oregano by decreasing pro-inflammatory cytokines, IL-1β, and IL-6 mRNA in colonic tissue of mice with colitis.\[[@ref27]\] Also of the *Lamiaceae* family, sage (*Salvia officinalis*) contains a variety of bioactive phytochemicals including phenolic compounds, flavonoids, essential oils, catechins, and tannins that may confer important health benefits.\[[@ref32]--[@ref34]\] Sage has traditionally been used to enhance cognitive performance and memory but more recently for the therapeutic management of neurodegenerative diseases such as Alzheimer\'s disease.\[[@ref32]--[@ref34]\] Apeginin, a flavonoid in sage, has specifically been shown to reduce amyloid-β plaques in neurons of patients with Alzheimer\'s disease.\[[@ref32]--[@ref33]\] The abundance of phenolic compounds in sage including rosmarinc acid, genkwarin and luteolin, for example, contribute to its high antioxidant capacity.\[[@ref30]\] Additionally, components of sage such as α-pinene have been observed to exhibit anti-inflammatory activity by inhibiting eicosinoid synthesis via suppression of cyclooxygease-2 (COX-2) expression.\[[@ref33][@ref35]\]

Although there is substantial evidence that *Lamiaceae* herbs can affect some aspects of the immune response, there is a relative lack of mechanistic and *in-vivo* data on the overall effect of *Lamiaceae* herbs on the innate immunologic parameters and is the primary objective of this study.\[[@ref36]\]

MATERIALS AND METHODS {#sec1-2}
=====================

Growth conditions and priming of *Lumbricus terrestris*\[[@ref37]\] {#sec2-1}
-------------------------------------------------------------------

Cultured *Lumbricus terrestris* purchased from DMFB Company (Waterford, MI) were selected based on the presence of a fully developed clitellum indicative of sexual maturation. Worms were then washed in distilled water to ensure the skin was free from soil and debris. The earthworms were then transferred to petri plates containing *Lumbricus* Growth Medium (LGM) comprised of 1.25% agar, 0.31% Gerber single grain oatmeal (Nestle, S.A Vevey, Switzerland) and incubated at 10°C for 48 hours to clear the digestive tract of soil. After worms were primed, the animals were selected for treatment. Prior to weighing, worms were gently massaged along the posterior length of the body to clear the gut of digestive contents.

Treatment of *L. terrestris* {#sec2-2}
----------------------------

Dried turmeric and ginger (Vrdür Inc., Odessa, TX) were added directly to LGM at concentrations of 0.1% (w/v) or 0.5% (w/v) prior to pouring them into petri dishes \[[Table 1](#T1){ref-type="table"}\]. For *L. terrestris* cyclophosphamide treatment and spice co-treatment,\[[@ref38]--[@ref42]\] experimental worms were treated with 50 mg/kg/day cyclophosphamide (CP), which was dissolved in 0.9% NaCl and added to LGM agar just prior to pouring \[[Table 1](#T1){ref-type="table"}\]. For co-treatment, 0.1% (w/v) or 0.5% (w/v) of dried herb product plus 50 mg/kg of CP were added to LGM prior to treatment \[[Table 1](#T1){ref-type="table"}\]. A single primed worm was transferred on each treatment and control plates (LGM only).
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For each treatment or control group, 36 (*n*=36) worms were allowed to feed *ad libitum* for 6 days at 18-20°C in the dark. Treatment plates were renewed on the fourth day of treatment.

Ethanol extrusion of coelomocytes {#sec2-3}
---------------------------------

Coelomocytes were isolated by ethanol extrusion.\[[@ref43]\] Fecal contamination during extrusion was avoided by gently massaging one fourth of the posterior length of the worm to expel intestinal contents of the worm. Briefly, worms were rinsed in 20 mL Ca-LBSS (1.5 mM NaCl, 4.8 mM KCl, 1.1 mM MgSO~4~, 0.4 mM KH~2~ PO~4~, 0.3 mM Na~2~ HPO~4~, 4.2 mM NaHCO~3~, 3.8 mM CaCl~2~, and adjusted to pH 7.3 with HCl) in a beaker to remove contaminants. Cleansed worms were placed in a glass petri dish containing 3 mL extrusion medium (5% ethanol in saline, 23.5 mg/mL EDTA, 10 mg/mL guaiacol glycerol ether, and adjusted to pH 7.3 with HCl) for a total of 3 minutes at room temperature. Whole coelomic fluid was transferred from the petri dish to a 15 mL falcon tube, and worms were discarded. Nitric oxide analysis was performed using whole coelomic fluid and is described in detail below. Finally, 10 mL Ca-LBSS was transferred to the falcon tube followed by centrifugation at 150×g for 15 minutes at 4^°^C. The pellet was then re-suspended in 0.425 mL Ca-LBSS and stored on ice for further analysis or total coelomocyte count, coelomocyte viability, relative neutrophil count, phagocytic activity, and respiratory burst.\[[@ref44]\]

Total coelomocyte counts {#sec2-4}
------------------------

Total coelomocyte count was determined using an Improved Neubauer 1/400 sq. mm hemocytometer.\[[@ref44]\] Briefly, 10 μl of re-suspended coelomocytes in Ca-LBSS was transferred to the hemocytometer. Total coelomocytes were counted on two of the large outer squares, and total coelomocyte count was estimated using the formula supplied by the manufacturer (Hausser Scientific, Horsham, PA).

Coelomocyte viability {#sec2-5}
---------------------

Coelomocyte viability was determined by trypan blue exclusion as previously described elsewhere.\[[@ref45]\] Briefly, re-suspended coelomocytes were mixed at a ratio of 1:1 with 0.04% trypan blue (0.004 g/ 10 mM PBS) and vortexed. 20 μl of this mixture was transferred to a glass microscope slide with a cover slip. Live coelomocytes were determined by dye exclusion and reported as percent live coelomocytes per total cells counted. Fold changes in coelomocyte viability in response to treatments were calculated relative to control.

Relative neutrophil-like coelomocyte counts (RNLCC) {#sec2-6}
---------------------------------------------------

Differential coelomocyte count was determined using a modified Wright-Giemsa smear technique and visualized using bright field microscopy.\[[@ref46]\] To a clean microscope slide, 20 μl re-suspended coelomocytes was smeared and heat fixed. The slides were stained by direct immersion in 15 mL Wright-Giemsa stain for a total of 3.5 minutes. Slides were then washed briefly with 5 mL of 10 mM phosphate buffer saline (PBS) followed by brief rinsing with 5 mL DW. Slides were then gently dried by briefly holding over a low flame. Neutrophils-like cells were identified by the presence of a prominent pink nucleus and pale pink cytoplasm upon staining and enumerated. Relative neutrophil-like coelomcyte count was reported as a percentage of total coelomocytes. Fold changes neutrophil-like coelomocyte counts in response to treatment were calculated relative to control.

Phagocytic activity {#sec2-7}
-------------------

Phagocytosis was stimulated using a modified assay previously described.\[[@ref46]\] Briefly, 100 μl re-suspended coelomocytes were incubated for 24 hours in 100 μl of a yeast/Congo red solution prepared as follows: 1 g yeast was added to 3 mL 0.87% Congo red in 10 mM PBS. 10 mL DW was then added, and the solution was autoclaved. Finally, the yeast solution was diluted to 10^-2^ with Ca-LBSS. After 24 hours, the reaction mixture was centrifuged at 150× g for 15 minutes at 4°C, and the pellet was re-suspended in 200 μl Ca-LBSS. 20 μl was transferred to a microscope slide for analysis. Phagocytosis was determined visually by the presence of engulfed Congo red-stained yeast particles within the coelomocytes. Phagocytic activity was calculated as the percentage of phagocytic cells of total coelomocytes. Fold changes phagocytic activity (PA) in response to treatments were calculated relative to control.

Respiratory burst index (RBI) {#sec2-8}
-----------------------------

Respiratory burst index was indirectly determined as the absorbance of diformazan at 570 nm, formed by oxidation of Nitroblue Tetrazolium (NBT) during an NBT reduction assay.\[[@ref47]\] Briefly, 100 μl re-suspended coelomocytes were transferred to a microcentrifuge tube, and phagocytosis was stimulated by addition of 100 μl of a yeast solution prepared as follows (1 g yeast in 3 mL 10 mM Ca-LBSS incubated for 15 minutes at room temperature. 10 mL DW was then added, and the solution was autoclaved. Finally, the yeast solution was serial diluted to 1×10^-2^ with Ca-LBSS). 50 μl NBT (1.5 mg/mL in Ca-LBSS) was transferred to the reaction mixture, which then incubated for 24 hours at 10°C, followed by centrifugation at 13,000 rpm for 10 minutes at 4°C. To the pellet, 120 μl of 2 M KOH and 140 μl DMSO was added to extract the pigment. Tubes were then re-centrifuged at 13,000 rpm for 10 minutes at 4°C to precipitate debris. Absorbance of supernatant was at 570 nm in a 96-well microplate (Biotek Instruments; Houston, TX). Fold changes Respiratory burst index (RBI) in response to treatments was calculated relative to control.

Nitric oxide production {#sec2-9}
-----------------------

Nitric oxide production was indirectly measured using a modified Griess diazotization assay for the detection of total nitrites/nitrates (NOx).\[[@ref36]\] Briefly, 100 μl of whole coelomic fluid was transferred to a microplate followed by addition of 100 μl of vanadium chloride (0.08 g/10 mL 0.1 M HCl) and 100 μl Griess reagent. Alternatively, 50 μl sulfanilamide and 50 μl N-(1-Naphthyl) ethylendiamine dihydrochloride(NEDD) can be substituted for Griess reagent in the reaction. The microplate incubated for 30 minutes at 37°C, and absorbance was measured at 540 nm using the Biotek EL 808 microplate reader (Biotek Instruments, Houston, TX). The concentration of nitric oxide was determined by calculating the % change based on a linear standard curve: Conc (umol/ L)=(A~540~ -0.0344)/0.0057). Fold changes nitric oxide production in response to treatments were calculated relative to control.

Statistical analysis {#sec2-10}
--------------------

Statistical significance was determined using a Student\'s one-tailed *t*-test. Treatment with CP was compared to control worms feeding on LGM only. Worms treated with CP plus herb or spice were compared to control worms feeding on LGM only and worms feeding on CP only. Statistical significance was indicated by *P* values of\<0.05

RESULTS {#sec1-3}
=======

Effect of herbs on coelomocyte viability {#sec2-11}
----------------------------------------

In control worms feeding on LGM only, coelomocyte viability (CV) was 52.7% over the duration of the treatment. CV significantly increased following treatment with oregano at 0.1% (w/v) and 0.5% (w/v) by 37% (*P*=0.021), and 43% (*P*=0.032), respectively, compared to control \[[Figure 1a](#F1){ref-type="fig"}\]. Treatment with sage resulted in significantly higher percentages of viable coelomocytes in all treatment groups at both concentrations, compared to the control \[[Figure 1](#F1){ref-type="fig"}\]. For worms feeding on 0.1% (w/v) sage, CV increased by 35% (*P*=0.03), in worms that consumed 0.5% (w/v) sage, this increase was 28% (*P*=0.025) relative to control \[[Figure 1a](#F1){ref-type="fig"}\]. Following treatment with cyclophosphamide (CP), CV decreased significantly by 42% (P=0.018) relative to control \[[Figure 1a](#F1){ref-type="fig"}\]. Supplementation of CP containing LGM with oregano (CP-O) at 0.1% (w/v) and 0.5% (w/v) resulted in a 43.1% (*P*=0.032) and 48.5% (*P*=0.039) increase in cell viability relative to coelomcyte viability of CP-treated worms \[[Figure 1b](#F1){ref-type="fig"}\]. Supplementation of CP containing LGM with sage (CP-S) at 0.1% (w/v) and 0.5% (w/v) resulted in a 40.6% (*P*=0.027) and 44.8% (*P*=0.028) increase in cell viability,relative to coelomcyte viability of CP-treated worms \[[Figure 1b](#F1){ref-type="fig"}\].

![Change in coelomocyte viability (CV) (% Control) in L. terrestris in response to oregano (O), sage (S), and (a) cyclophosphamide (CP) treatment, (b) cyclophosphamide-herb (CP-S and CP-O) co-treatment. The data is represented as mean+SEM. ^\*^-indicates significant difference from the control (P\<0.05). Length of experiment-6 days, n=36. Concentration: Herbs: 0.1% (w/v) and 0.5% (w/v), cyclophosphamide 50mg/kg-BW](PR-5-1-g002){#F1}

Effect of herbs on total coelomocyte count {#sec2-12}
------------------------------------------

In control worms feeding on *Lumbricus* Growth Medium, the TCC was 2.9 × 10^6^. For worms that fed on 0.1% (w/v) oregano, TCC increased 153% (*P*=0.020) and with 0.1% (w/v) sage, TCC increased by 135% (P=0.025) compared to control \[[Figure 2a](#F2){ref-type="fig"}\]. At 0.5% (w/v), oregano and sage did not have any significant effect on TCC compared to control \[[Figure 2a](#F2){ref-type="fig"}\]. Treatment with CP at 50 mg/kg bw did not affect the total coelomcyte count relative to control \[[Figure 2a](#F2){ref-type="fig"}\]. In worms that fed on CP-O,the total cell count was significantly higher only at 0.1% (w/v) and was 46.9% (*P*=0.027) higher relative to CP \[[Figure 2b](#F2){ref-type="fig"}\]. In worms that fed on CP-S at 0.1% (w/v), the total cell count increased by 17.1% (*P*=0.042) and at 0.5% (w/v), the cell viability increased by 46.9% (*P*=0.024) relative to total coelomcytes in CP-treated worms \[[Figure 2b](#F2){ref-type="fig"}\].

![Change in total coelomocyte count (TCC) (% Control) in L. terrestris in response to oregano (O), sage (S), and (a) cyclophosphamide (CP) treatment,(b) cyclophosphamide-herb (CP-S and CP-O) co-treatment. The data is represented as mean+SEM. ^\*^-indicates significant difference from the control (P\<0.05). Length of experiment-6 days, n=36. Concentration: Herbs: 0.1% (w/v) and 0.5% (w/v), cyclophosphamide 50mg/kg-BW](PR-5-1-g003){#F2}

Effect of herbs on relative neutrophil-like coelomocyte count {#sec2-13}
-------------------------------------------------------------

Relative to control, neutrophil-like coelomocyte count was significantly different only at 0.1% (w/v) of sage or oregano. In both cases, the NLCC was 20% (*P*=0.034) higher relative to control worms that fed on LGM only plates \[[Figure 3a](#F3){ref-type="fig"}\]. The relative neutrophil-like coelomocyte in response to CP treatment decreased by 11% (*P*=0.048) relative to control \[[Figure 3a](#F3){ref-type="fig"}\]. In worms that fed on CP-O and CP-S at 0.1% (w/v), the RNLCC was 35.9% (*P*=0.041) and 40.4% (*P*=0.034) higher than the RNLCC in CP-treated worms \[[Figure 3b](#F3){ref-type="fig"}\]. At a concentration of 0.5% (w/v), CP-O treatment resulted in 13.4% (*P*=0.046) increase in RNLCC compared to CP-treated worms \[[Figure 3b](#F3){ref-type="fig"}\]. CP-S at this dosage did not have a significant effect on RNLCC.

![Change in total relative neutrophil like coelomocyte count (RNLCC) (% Control) in L. terrestris in response to oregano (O), sage (S), and (a) cyclophosphamide (CP) treatment, (b) cyclophosphamide-herb (CP-S and CP-O) co-treatment. The data is represented as mean+SEM. ^\*^-indicates significant difference from the control (P\<0.05). Length of experiment-6 days, n=36. Concentration: Herbs: 0.1% (w/v) and 0.5% (w/v), cyclophosphamide 50mg/kg-BW](PR-5-1-g004){#F3}

Effect of herbs on phagocytic activity {#sec2-14}
--------------------------------------

When worms were allowed to feed on LGM prepared with oregano at 0.1% (w/v) and 0.5% (w/v), a significant increase in PA by 17% (*P*=0.017) and 19% (*P*=0.018) respectively, relative to control, was observed \[[Figure 4a](#F4){ref-type="fig"}\]. In response to supplementation of LGM with sage, the PA increased by 23% and 21% at a dosage of1% (w/v) and 0.5% (w/v), respectively, relative to control \[[Figure 4a](#F4){ref-type="fig"}\]. Following treatment with CP, phagocytic activity decreased 19% (*P*=0.041) relative to control \[[Figure 4a](#F4){ref-type="fig"}\]. However, in worms that consumed CP-O and CP-S at 0.1% (w/v), the phagocytic activity increased by 17.6% (*P*=0.046) and 13.6% (*P*=0.52), relative to phagocytic activity of coelomocytes in CP-treated worms \[[Figure 4b](#F4){ref-type="fig"}\]. At a dosage of 0.5% (w/v), the PA increased by 1.2% (*P*=0.043) for the CP-S-treated worms and in the CP-O-treated worms, it was 17.6% (*P*=0.046) higher than in CP-treated worms \[[Figure 4b](#F4){ref-type="fig"}\].

![Change in phagocytic activity (PA) (% Control) of yeast by coelomocytes in L. terrestris in response to oregano (O), sage (S), and (a) cyclophosphamide (CP) treatment (b) cyclophosphamide-herb (CP-S and CP-O) co-treatment. The data is represented as mean+SEM. ^\*^-indicates significant difference from the control (P\<0.05). Length of experiment-6 days, n=36. Concentration: Herbs: 0.1% (w/v) and 0.5% (w/v), cyclophosphamide 50mg/kg-BW](PR-5-1-g005){#F4}

Effect of herbs on respiratory burst index {#sec2-15}
------------------------------------------

Relative to control, respiratory burst index (RBI) significantly increased by relative to control; in worms that fed on LGM supplemented with 0.1% (w/v) oregano, the RBI increased by 26% (*P*=0.039) and at 0.5% (w/v) oregano, the RB increased by 55% (*P*=0.027) \[[Figure 5a](#F5){ref-type="fig"}\]. In coelomcytes from worms that fed on sage, RBI increased in all experimental groups relative to control \[[Figure 5a](#F5){ref-type="fig"}\]. The RBI was 42% (*P*=0.024) at 0.1% (w/v) and 57% (*P*=0.007) at 0.5% (w/v) sage concentration, respectively \[[Figure 5a](#F5){ref-type="fig"}\]. The respiratory burst index in coelomcytes increased significantly by 50% (*P*=0.019) in CP-treated worms relative to control \[[Figure 5a](#F5){ref-type="fig"}\]. When worms were allowed to feed on CP-O at 0.1% (w/v), the respiratory burst index of coelomcytes was not significantly different relative to CP treatment \[[Figure 5b](#F5){ref-type="fig"}\]. At 0.5% (w/v), the RBI in CP-O-treated worms was significantly higher (19.4%, *P*=0.037) compared to RBI in CP-treated worms \[[Figure 5b](#F5){ref-type="fig"}\]. When worms were allowed to feed on CP-S at 0.1% (w/v) or 0.5% (w/v), the respiratory burst index of coelomcytes was not significantly different relative to CP treatment \[[Figure 5b](#F5){ref-type="fig"}\].

![Change in respiratory burst index (RBI) (% Control) in coelomocytes of L. terrestris in response to oregano (O), sage (S), and (a) cyclophosphamide (CP) treatment, (b) cyclophosphamide-herb (CP-S and CP-O) co-treatment. The data is represented as mean+SEM. ^\*^-indicates significant difference from the control (P\<0.05). Length of experiment-6 days, n=36. Concentration: Herbs: 0.1% (w/v) and 0.5% (w/v), cyclophosphamide 50mg/kg-BW](PR-5-1-g006){#F5}

Effect of herbs on nitric oxide production {#sec2-16}
------------------------------------------

Following treatment with oregano at 0.1% (w/v) and 0.5% (w/v), total nitrites/nitrates (NOx) increased by 38% (*P*=0.025) and 13% (*P*=0.025) relative to control \[[Figure 6a](#F6){ref-type="fig"}\]. In worms consuming LGM prepared with 0.1% (w/v) sage treatment, a 30% increase in total nitrites/ nitrates (NOx) (*P*=0.034) was observed relative to control \[[Figure 6a](#F6){ref-type="fig"}\]. In worms that fed on 0.5% (w/v) sage, the increase in NOx was 31% (*P*=0.021) relative to control \[[Figure 6a](#F6){ref-type="fig"}\]. The total nitrates in coelomic fluid did not change in response to CP treatment \[[Figure 6b](#F6){ref-type="fig"}\]. Total nitrates in worms that fed on CP-O at 0.1% (w/v),were 89% (*P*=0.013) and at 0.5% (w/v),81% (*P*=0.011) higher relative to CP treatment. Feeding worms with CP-S at 0.1% (w/v) and 0.5% (w/v) resulted in a 28% (*P*=0.036) and 55% (*P*=0.021) increase in total nitrates relative to control and CP treatment.

![Change in total nitrates (NOx) (% Control) in coelomic fluid of L. terrestris in response to oregano (O), sage (S), and (a) cyclophosphamide (CP) treatment,(b) cyclophosphamide-herb (CP-S and CP-O) co-treatment. The data is represented as mean+SEM. ^\*^-indicates significant difference from the control (P\<0.05). Length of experiment-6 days, n=36. Concentration: Herbs: 0.1% (w/v) and 0.5% (w/v), cyclophosphamide 50mg/kg-BW](PR-5-1-g007){#F6}

DISCUSSION {#sec1-4}
==========

Nitric oxide plays an important role in maintenance and regulation of normal cell cycle in a dose-dependent manner via inhibition of apoptosis at low doses and facilitating apoptosis at higher doses.\[[@ref49][@ref50]--[@ref52]\] Emerging research also indicates that nitric oxide formation is necessary for the mobilization of undifferentiated progenitor cells in circulation.\[[@ref49][@ref53]--[@ref54]\] Additionally, immunopoietic reconstitution and mobilization have been shown to be significantly mediated by nitric oxide.\[[@ref49][@ref53]--[@ref54]\] Treatment with oregano and sage resulted in a significant increase in coelomocyte viability and total number of coelomocytes compared to control worms. An intake of sage and oregano appeared to increase the relative distribution of neutrophil-like coelomocytes and was accompanied by increased levels of nitric oxide in the coelomic fluid. This concurrent increase in total coelomocyte count, cell viability, and nitric oxide in the present study is consistent with recent findings and may be a result of nitric oxide-mediated inhibition of premature apoptotic signaling in coelomocytes. An overall increase in the total number of coelomocytes in the coelomic fluid of worms co-treated with cyclophosphamide (CP) and either oregano (CP- O) or sage (CP-S) compared to worms treated with CP alone was also observed in this study. Since treatment with CP is associated with increased susceptibility to infection due to widespread cytoxicity and leucopenia, an increase in total immunogenic cells in response to herb co-treatment may confer benefits against CP-induced immunosuppression.\[[@ref55]--[@ref56]\] Additionally, viability of coelomocytes, relative distribution of neutrophil-like coelomocytes also increased in the coelomic fluid of worms co-treated with CP and herbs compared to worms treated with CP only. Here also, a concomitant increase of total nitrites/nitrates was observed in the coelomic fluid in response to the treatments with CP-S or CP-O relative to CP only treated worms. Similar to our observation, previous studies with other dietary and medicinal have shown to increase populations of immunocompetent cells in animals treated with CP.\[[@ref39]--[@ref40][@ref57]\] It is likely that co-treatment with oregano and sage may ameliorate CP-induced cytopenia via induction of immunopoiesis progenitor cell differentiation.\[[@ref58]\]

Coupled to increased cell viability, cell count, and distribution of neutrophil-like cells, we also observed increases in phagocytic activity and respiratory index in response to feeding sage and oregano. Overall, phagocytic activity of coelomocytes was also enhanced in CP-treated worms supplemented with sage and oregano, compared to those treated with CP only. As respiratory burst in phagocytic cells is a consequence of a phosphorylation cascade-mediated cytosolic assembly and activation of NADPH oxidases,\[[@ref58]--[@ref61]\] an increase in phagocytosis as noted in this study may suggest a more robust foreign epitope recognition, perhaps due to increased expression of genes such as β-1, 4-mannosyl-glycoprotein 4-β-N-acetylglucosaminyltransferase-3 and toll-like receptors crucial for recognition and clearance of foreign material.\[[@ref37][@ref62]--[@ref64]\]

Similar studies in cell culture models and *in vivo* models with other dietary plants have shown to increase phagocytosis and release of cytokines crucial to the mediation of immune response.\[[@ref62][@ref65]--[@ref67]\] Interestingly, in this study, enhanced phagocytic activity upon feeding sage and oregano was associated with non-exponential increase in respiratory burst index. This lower production of reactive oxygen species may be due lower number of phagosomes per cell, resulting in fewer number of active NADPH oxidase enzymes assembled. Alternatively, a more controlled respiratory burst may also result from a robust antioxidant defense responses mediated by glutathione S-transferase, NADPH: Quinine oxidoreducatase-1 and other phase II enzymes in response to oregano and sage. Plant secondary metabolites have been shown to increase NRF~2~ (nuclear factor E2-related factor)-antioxidant response element (ARE)-mediated expression of antioxidant genes facilitating efficient removal of oxidants and recycling of antioxidants and may be responsible in controlling the rate of oxidant formation in this study.\[[@ref68]--[@ref71]\] An overall increase in respiratory burst index, relative to control, was also observed upon treatment with CP. It is well-known antioxidant enzyme defenses in immune cells that are inhibited by the metabolites formed from the microsomal metabolism of CP.\[[@ref72]\] In our study, immune-competent cells from CP-S and CP-O worms had higher phagocytic activity than CP-treated worms. However, respiratory burst index of immune-competent cells from CP-S and CP-O worms was not significantly different than CP-treated worms, suggesting a potential protective effect of sage and oregano on the detrimental effect on antioxidant enzyme response induced by CP metabolites.

CONCLUSION {#sec1-5}
==========

Our results indicate that dietary intake of *Lamiaceae* herbs (oregano and sage) improved innate immune system functions and also reduced the immunosuppresive effects of cyclophopshamide *in vivo*. These herbs may have potential applications in antibiotic and cancer chemotherapy as well as in diabetes and Alzheimer\'s disease induced by accumulation of modified self-epitopes and merits further investigation.
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